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Scanning Near-Field Millimeter-Wave Microscopy
Using a Metal Slit as a Scanning Probe

Tatsuo NozokidpMember, IEEEJongsuck BaeSenior Member, IEEEand Koji Mizung Fellow, IEEE

_Abstract—in this paper, a novel type of scanning near-field the inner conductor. A small aperture in the conducting screen
millimeter-wave microscopy using a metal slit-type probe is [1] and an aperture at the apex of a tapered circular waveguide
proposed. A tapered reduced-height rectangular waveguide forms [7], [11] are utilized for scanning near-field microscopy. For
the slit aperture, which has a width much smaller than one th’ in th tical be the struct leads t
wavelength A and length of the order of A. The slit probe can be .e .sellme reasorllla.s n e_ op |c§ probe, : e structure eg Sto
Operated intheTE;, mode and, thus, results in h|gh transmission diminished SenSItIVIty. Their Spatlal resolutions are determined
efficiency, even when the width is exceedingly small. An image by the size of the aperture. A miniature loop is used as a
reconstruction algorithm based on computerized tomographic scanning probe in conjunction with a microstrip resonator [12].
imaging is used to obtain two-dimensional near-field images. o slit-type probe was first proposed by Kawataal. in
Experiments performed at 60 GHz @ = 5 mm) show that 1995[13]. The probe has a metal slit aperture, which has a width
image resolution equal to the slit width (~80 «m) is achieved. As : p p '
an application of this scanning slit microscopy, visualization of much smaller than one wavelengttand length of the order of
transition phenomena of photoexcited free carriers in a silicon . The slit probe can be operated in tli&;, mode and, thus,
have been successfully demonstrated, yielding useful information results in high transmission efficiency because of no cutoff ef-
on the dynamics of free carrers in .Sem'conducmr mate.”als' fect. They used a narrow metal slit aperture fabricated on a ZnSe
~ Index Terms—Free carriers, millimeter-wave, scanning near- |ens for infrared spectroscopy. Another type of the slit probe
field microscopy, slit-type probe, visualization. is a narrow resonant slit fabricated at the end of a rectangular

waveguide proposed by Golosovséyal. [14]. The transmis-
|. INTRODUCTION sion efficiency of the resonant slit probe can be nearly unity
by selecting precisely the slit dimension. Since the width of the
Slit-type probe is much smaller than while the length of the
. . N . it is on the order of\, by simply raster scanning the probe
with a resolution of~A/60 [1], near-field imaging has beento obtain two-dimensional near-field images, image resolution

accomplished in a variety of instruments, which cover frea'long the slit width can be much smaller thanwhile unfor-

quencies spanning the microwave to optical regions. Thus fﬁfn tely, the resolution along the slit length is of the ordek of
many kinds of near-field probes have been proposed and u [14]

becguse they dete_rmine the_ imag_e resolution and se_nsiti 'nfn this paper, we propose a new type of scanning near-field
afctamable In scanning near-ﬂe!d MICTOSCOpY. In the (_)ptlcal "Rillimeter-wave microscopy using a metal slit at the end of a ta-
gion, metal-coated tapered optical fibers with a submlcrosco%gred rectangular waveguide as a scanning probe, and an image

apebrturezat Tegpex tmave be;an ggperal:y utlfhtzhedf%s scanb Sonstruction algorithm based on computerized tomographic
probes [2]-[4]. Since the aperture diameter of the fiber pro T) imaging to reconstruct two-dimensional near-field images

should be much less than the observation wavelength to achi subwavelength resolutions for all directions. Our probe can

Zu:)wa\:ﬁlengtth ﬁrefsolunon, tze i)f:obes arlff_ us_ua:ly otperaBa operated over a much wider bandwidth than the resonant slit
elow the cutoff frequency [4], thus resulting in low trans; robe [14] described above because of its operation without res-

mission efficiency [5]. In the microwave and mﬂhmeter—wav% ance. Hence, the probe is suitable for high-speed imaging.

regions, the dlvgrsny of probes IS bigger than in .the Opt'?"i"g demonstrate this, as an application of this microscopy tech-
region. The coaxial probe [6]-[10] is made up of a fine coaxig|
cable with a sharpened central conductor protruding from ta
outer shielding. The sharp tip is a wide-band probe, which do
not suffer from the cutoff effect. The probe is usually operate
in conjunction with a resonant structure to increase sensitivity,

although this combination sacrifices the probe’s wide-band [I. EXPERIMENTAL

nature. Its spatial resolution is determined by the tip size of

INCE scanning near-field microscopy was first demo
trated at microwave frequencies by Ash and Nichol

ique, we show experimental results for the visualization of
Ansition phenomena of photoexcited free carriers in a silicon
strate.

Fig. 1 is a schematic drawing of our scanning near-field mil-
limeter-wave microscope, and shows the slit-type probe used. A
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Fig. 1. (a) Experimental setup for scanning near-field millimeter-wave

microscopy using a tapered rectangular waveguide probe with a slit aperture Scan o

7

(b) Dimensions of the probe\ is the wavelength in free space. | | “ | - \,}o“g.
12300000 N Q‘O\QO’P‘\
vector network analyzer (VNA) via waveguide-to-coaxial trans- Slit Aperture *

formers. The object to be imaged was mounted onto the scanner,

which consists of rotational and linear stages driven by steppifig. 2. Scan method in the case where the object is fixed and the slit probe is
motors, and was moved under the probe at a constant separaifgnned. In this figurey, shows the total number of projections aNd is the

of 2 ~200.m. The VNA and scanner were controlled by a coriumper of sampling points for the linear scan.

puter. The object was scanned linearly for different object-ro-
tation angled. This scan method is quite different from the
raster scanning technique used in other conventional scanning
near-field microscopes. The 60-GHz millimeter-wave radiation
was fed to the probe. The reflected signal from the prShe

and the signal received by the horn anteshawere obtained

in reflection and/or transmission modes through the VNA, and
were then processed into images by the filtered back-projection
(FBP) method [15], which is the most commonly used image
reconstruction method in CT imaging. The details of the image
reconstruction are described in the following section.

In the experiments, the object was scanned while the slit
probe remained fixed. This method of data acquisition can
be clearly described if the object is fixed and the slit probe is
scanned as shown in Fig. 2. In this figure, each arrow indicates
the direction of the slit length. The signal from the probe
reflects the integral of the near fields along the slit length so
that the data acquired during a linear scan is a projection of
the near-field distribution on the “A”-shaped object toward thEig. 3. Coordinate systems used to describe the data acquisition process. The
direction indicated by the arrows. Since each projection dagrqjé Coﬁgrdi”ate system is a rotated version of the origimaly) system by an
set contains all the pixel information in the field of view, our 9 '
microscope is suitable for obtaining the outline of an image
using fewer data points than in the case of a Conventiona' po|me essence Of the methOd, being related W|th the neal’-field data

type probe, which should be raster scanned. acquisition. _ o
We will use the rectangular coordinate systems defined in

Fig. 3 to describe the data-acquisition process. The slit probe
Ill. THEORY OF TWO-DIMENSIONAL IMAGE RECONSTRUCTION s linearly scanned in parallel with theaxis, where the center

. . . , f the slit aperture always coincides with thaxis. The signal
We are using an image reconstruction algorithm based on &l‘gm the probe or the horn anteni®a(#) as a function of and

imaging to reconstruct two-dimensional near-field images. T@ec n be expressed as
data acquired through the scans depicted in Fig. 2 are processeg
by the FBP method. Although the method is well-known in com-

puterized tomography [15]-[17], in the following, we will show Fo(t) o /Ei““m(t’ s) - J(t, 5) - Ecotteci(t; 5)ds (1)

Slit Probe
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whereEin.m (¢, s) is an illuminating field,f (¢, s) is the object whereQ(¢) is the filtered projection data expressed as

function that represents intrinsic electromagnetic properties of = —_—

the object, and.. et (£, s) represents sensitivity distribution Qe(t) = / So(w)|wl|e’ ™" dw. (10)
—0o0

of the probe or the horn antenna in signal reception t), . . .
P g b [EB]¢) d Reconstruction of near-field images can be performed using the

Eillum(ta 3)1 f(ta 3)1 andEcollect (ta 3) are the CompleX value . . .
quantities. The vector produsnun(, s) - f(#, s) defines the gbove two equations. The flow of data processing for the images

reflected fieldE, (¢, s) and the transmitted field; (¢, s) from 'S @S follows. _ . o .
the object. These fields, i.eE,.(¢, s) and E,(t, s), are deter- ~ Step 1) Fourier transforming projection datg(t) with re-

mined by the near-field spatial distribution on the object and gard tot to yield Sy (w). _ _
form the image of the object with subwavelength resolutions for Step 2) Multiplying the resulb(w) by the filter function
all directions through the FBP method described below. |w].

If the illuminating field By (¢, s) and the sensitivity dis- ~ Step 3) Inverse Fourier transforming the prodsigtw)|w|.
tribution Ecopiect (£, 5) are assumed to be unifordy (t) canbe ~ Step 4) Back projecting the result of the last ségg(t) to
written as the image planéz, ).

Steps 1)-4) should be repeated foréaland the sum of all the
Py(t) /f(t, s)ds. (2) back-projected images provides the reconstructed image. Note
that the filtered projectiond), (¢) makes the same contribution

This equation means that the signals from the probe and héPrihe reconstruction at all the points in the image planey),

antenna reflect the integral of the object function along the syghich correspond to a value 6f= x cos 6 + y sin  for a given

lengths. Suppose that the Fourier transform of the object fun¥lue off. Computer implementation of the FBP method is the

tion f(¢, s) is indicated byF(u, v), f(x, y) can be expressed Same as in [15]. . .

as To discuss the signal detection method needed for two-dimen-

o e sional near-field image reconstruction, we express the signal
Fla, y) = / / Fu, 0)@2=mHm) ge gy (3) from the probe or the horn antenna in a discrete form in the case
—o0J =00 with coherent illumination as follows:

N
Exchanging the rectangular coordinate system in the frequency P Z B, o/ (@t+0n) (11)

domain (u, v) for a polar coordinate systeifw, 6), we can
write the inverse Fourier transform of a polar function as

n=1
wherew andt are the angular frequency and time, respectively.
2% oo In this equation, the length of the slit is divided imbsections
flz,y) = / / F(w, §)¢i?(@cos 04y 5in )y, gy 4. and the near field in each section is expressed in phasor form.
o Jo (4) The resulting signal$cterodyne @aNd Pyower When the hetero-

By splitting the integral into two by considerirfgfrom 0 tor  dyne and the power detections are adoptedHaran be ex-

and fromr to 27, and by using the property pressed as
N
F(w, 0+ 7T) = F(—w, 9) (5) Pheterodyne X Z Enejen (12)
n=1
the above expression fgi(x, y) can be written as and
™ o> N
flz,y) = / [/ F(w, 0)|w|e’T* dw| df  (6) Ppower Z |E,|* +2 Z |E| - | En| cos(6; — 0,,)  (13)
0 —0 n=1 i#Em
wheret is expressed as respectively. Equation (12) is an alternative expression for (2),
whichis the precondition for two-dimensional image reconstruc-
t=xcosf +ysinb. (7) tion by the FBP method. The second term in the right- hand side

of (13) is a deviation from the precondition and may cause some
P4(t) is a projection data, which can be measured. Accordirgtifacts in the reconstructed images by the FBP method. Hence,
to the Fourier slice theorem [15], the Fourier transform of thender coherentillumination, heterodyne detection should be uti-
projection datab,(w) is related to the Fourier transform of thelized for the two-dimensional image reconstruction.
object functionF'(w, 8) as follows:

oo IV. RESULTS
F(w, 0) = Sp(w) = / Py(t)e™72mt dt. (8)  In this section, we demonstrate the two-dimensional near-
I field image reconstruction using the slit probe and algorithm
By making use of (8), the final form fof (x, %) results in based on CT imaging. First, measured and calculated reflec-
- tion coefficients of the probe as a function of frequency are pre-
Fz,y) = / Qs cos 6 + ysin §) df sented to show the wide-band nature of the slit probe, and to
0 give the transmission coefficient of the probe. Next, one-dimen-

" ) db 9 sional scans of a test sample are presented in order to show the
“Jo Qo(?) ©) validity of the precondition for the two-dimensional near-field
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Fig. 4. Comparison of measured and calculated results of the amplitude of the o
reflection coefficien{S,,| as a function of frequency. The cross section of the 0.151 o
probe is depicted in the inset. The slit width has a variatioft 8fmm from the

average value of 80m. In the experiment, the probe was directed to free space.

o1
image reconstruction by the FBP method. Near-field images ob-
tained in the experiment are presented and their resolutions ar
evaluated. We compare two near-field images, one of which is
reconstructed with heterodyne detection, the other with power
detection. Finally, we show the application of our microscope

for the visualization of transition phenomena of photoexcited -3000 2000 1000 0 1000 2000 3000
free carriers in a silicon substrate. Distance from Center [microns]

(b)

A]S44] [Units]

0.05f

-3

A. Probe Characteristic

In order to estimate the transmission coefficient of the slit
probe, we measured the reflection coefficidit of the probe
and compared it with the calculated value using an equivalent- — 90
circuit model. Fig. 4 shows the results, where the measured anc @

180

deg

calculated results of the amplitude of the reflection coefficient =

. U ol ° gr—
|S11] are plotted as a function of frequency. The cross section 0 nan 8. ‘. : .. 8
of the probe is depicted in the inset of this figure. The tapered 000 00000% ¢, o % 0O

. . - ® G o
section of the probe can be assumed to be a series connectio & gt ee®0® % 8y . o' 0, ®

®
of several waveguides with different heights. The impedances J
and propagation constants of these waveguides ii'Hg op- J o v v v v
eration were cglculated, and an equwalent-qrcwt quel for the 180 e 2000 1000 o 1000 2000 3000
probe was derived. In the calcul_atlon, the slit probe is assumed Distance from Center [microns]
to be terminated by the lumped impedance of free spaand
the propagation loss constants are calculated using the ten times ©
larger value of the dc resistivity of gold, with which the probeig. 5. one-dimensional scans of metal lines deposited onto a quartz plate.
is coated. Fig. 4 shows that the measured and calculated reg@t®bject configuration. (b) Amplitude variation of reflection coefficient.
agree well. From the calculation, the power transmission coefff) Phase variation of reflection coefiicient.
cientat 60 GHz is estimated as 20%. In the metal-coated tapered
optical fiber probes with aperture diameters of less thatD, 2.0 mm, while the widths of the lines are all the same. The
the transmission coefficient has been reported as%0or less object was linearly scanned over 640M with a step size of
[5], which is ~10’ times smaller in value than the estimated g ;;m. Probe-to-object separation was kept at a constant value
value of the slit probe, which is free from the cutoff effect. of 10 um. The measured reflection coefficieft; was pro-
o . ) ) cessed in order to set the measured data for the quartz plate as

B. Validity of the Precondition for Two-Dimensional 1S11| = 0 andarg(S1;) = 0. This was done by subtracting
Near-Field Image Reconstruction the reflection coefficient corresponding to the quartz plate from

In order to reconstruct images correctly using the FB®ach of the measured data in vectorial operation. The resulting
method, the illuminating fieldz;,,,, and the sensitivity distri- differences in amplitude and phase are shown in Fig. 5(b) and
bution E..pect Should be uniform, as described in Section llI(c), respectively. If the amplitude is proportional to the length of
To check this for our slit probe, reflection coefficiesit; was the metal lines, and the phase remains constant regardless of the
measured using metal lines with different lengths as an objedéngth of the metal lines, then the validity of the precondition

Fig. 5 shows one-dimensional scans of metal lines deposified two-dimensional image reconstruction can be proven. This
onto a quartz plate. The lengths of the lines vary from 0.2 twlds true for the phase differendearg(S;;) in Fig. 5(c). In
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-
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c Offset y = (d) (e)
2 05 Linear Mag| 0 7.3 Fig. 7. Reconstructed images of a metal patch. (a) Optical image. (b) Intensity
- - .- image in reflection mode. (c) Phase image in reflection mode. (d) Intensity
(I')- ] \ / g image in transmission mode. (e) Phase image in transmission mode.
= 0.251T Mag. -90 o
Offset s TABLE |
[« % EXPERIMENTAL CONDITIONS
0 y -180
-1500 -1000 -500 0 500 1000 1500 Image size :2100 pm % 2100 um
Position [microns] Sampling interval for linear scan 140 pm
Sampling points for linear scan 174 pt.
(b) Sampling interval for rotational scan  : 2.43 deg.
180 Total number of projections 174
1.0 Probe-to-object separation : 10 um
ary
- 0.75 % 9 transmission mod#,; signals obtained by linearly scanning the
_‘._!’: 3, object. The object was a 0.9 mm 0.75 mm metal patch sup-
g 05 | Phase—| 00?"- ported by a quartz plate with a thickness of 1.87 mm. Before
= - processing these projection data by the FBP method, e.g., in the
vs'; g reflection mode, the vector, which consists of the magnitude and
— 025 -90 g phase offsets depicted in Fig. 6(b), has to be subtracted from
£ all the data. This operation should be done in order to prevent
Linear Mag. a . - - .
| | aliasing artifacts [15], which occur due to data truncation in the
0 X T -180 case without the operation. The effect of this operation on the
-1500 -1000 -500 0 500 1000 1500 reconstructed images is that the image intensities corresponding
Position [microns] to the quartz plate in the intensity and phase images are set to
© zero. Since the projection data have intensity and phase infor-

a6 Oned onal . il vateh Siuation of th mation, after image reconstruction, intensity and phase images
o imerona scans of o et At &) suaton of e 28 obained for each mode of the measuremens
variations in transmission mode. The reconstructed images are shown in Fig. 7. They were ob-
tained under the experimental conditions listed in Table I. Since
the case of the amplitude differenc®},S1, | in Fig. 5(b), where the highest resolution achievable was expected to be of the order
the dotted line indicates the ideal variation, deviations from thg the width of the slit probe, we set the sampling interval for
dotted line arise when the metal lines with lengths longer tha@fe linear scan as half of the slit width, according to the sam-
1.2 mm were observed by the slit probe. This implies that thging theorem [19]. For a well-balanced reconstructed image,
size of the object under observation should be less than 1.2 fHe total number of projections is set equal to the number of
x 1.2 mm for perfect reconstruction. The effect of this deviatiogampling points for the linear scan [15].
onto images, and the method for eliminating the effect, will be we tried to estimate the resolution of the intensity image in
discussed again in detail in Section V. reflection mode shown in Fig. 7(b). Fig. 8(a) shows one-dimen-
sional intensity profiles along the line- = andy—y in Fig. 7(b).
By differentiating the rising parts in the profiles indicated by
Fig. 6 shows measured projection data in reflection mfide an asterisk, line spread functions (LSFs) [19] can be calculated
signals in linear magnitude and phase, and measured datand are shown in Fig. 8(b) and (c). Note that the full widths

C. Reconstructed Near-Field Images



496 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 49, NO. 3, MARCH 2001

0.6

2pm 5um 10 um

Image Intensity

O 1 1 L 1
0 500 1000 1500 2000

Position [micron]
(@

20 um 40 um 80 um
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Fig. 8. Evaluation of image resolution: (a) one-dimensional intensity profildd. Comparison of Images Obtained with Heterodyne and
along the linev — « andy — y in Fig. 7(b) and (b), (c) LSFs. Power Detection

In Section Ill, we note that, in the case with coherent illu-
at half maximum FWHMSs of these LSFs are almost the sammaination, the signal from the probe should be detected with
By averaging the FWHMSs, we determine the image resolutidreterodyne detection in order to reconstruct two-dimensional
as 110um, which is nearly equal to the width of the slit probenear-field images. Measured raw data, which is a set of sev-
used. eral projection data, can easily be converted into the raw data

Probe-to-object separation is the most significant factor in debtained with power detection. Since the measured data is ob-
termining image resolution and intensity because the evantsned with heterodyne detection via the VNA and is complex
cent field, which can provide subwavelength resolution in thealued, the squared amplitude of the data is equivalent to the
near-field region of a scanning probe, dies off exponentialhaw data obtained with power detection. Measured raw data of
away from the probe surface [20]. Fig. 9 shows intensity imagesetal patches deposited onto a quartz plate was converted to the
in the reflection mode when the probe-to-object separation weguivalent raw data. These two data sets were reconstructed into
varied. The object and experimental conditions are the samdragnsity images. Fig. 11 compares images of the metal patches.
those mentioned above. As the probe-to-object separation gete image in Fig. 11(b), which is an intensity image recon-
larger, the image intensity is getting lower and the image itsedfructed with heterodyne detection, reflects well the structure
vanishes. Using the images in Fig. 9, image resolution as a fue€the object, while it is obvious that artifacts arise in Fig. 11(c),
tion of separation can be estimated with LSFs and is plottedwhich is an intensity image reconstructed with power detection.
Fig. 10. The result in Fig. 10 shows that as the object is sepghis is proof that under coherentillumination, heterodyne detec-
rated from the probe, the image resolution gets worse, and tte should be utilized for two-dimensional image reconstruc-
finest resolution achievable is equal to the width of the slit prolimn. Under incoherent illumination, power detection can be ap-
used. Finer samplings and/or more projections did not provigéed to the image reconstruction without artifacts because the
any improvements in the image resolution in Fig. 10. second term in the right-hand side of (13) tends to zero.
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detection. The raw data was measured in reflection mode.
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Fig. 12. Experimental scheme for visualizing transition phenomena 5
photoexcited free carriers in reflection mode.

E. Application ] ] N .
.an oscilloscope were stored against each position of the object.

The benefit of using microwaves and millimeter waves "}he stored waveforms were then arranged into images, each of

scanning near-field microscopy lies in the promise O_f new typ?\ﬁwich represents a different time phenomenon. Fig. 13 shows
of "‘?a‘e“""' contrast. A QOOd example is the mapping of e.le.ﬁie reconstructed images. The image size and the resolution are
tronic transport properties. We have succeeded in wsuahzngoum « 1980 zm and 120um, respectively. Free-carrier
photoexcited free-carrier distribution in the steady-state co eneration and extinction processes are clearly imaged in these

d2|t1|on Al\n 3SI|ICOHtSUthtI’_ateS us;_n 9 rr\;llg\ni;er-;/vave rglclr_?scopg ages. The diffusion process of free carriers is also observed,
[21]. As demonstrated in Section IV-A, the tapered slit pro nd the images show that the free carriers generated did not

Is suitable for measuring high-speed phenomena in objects fffuse uniformly in the silicon layer. This indicates that the

cause of its wide-band characteristic. Here, we demonstrateéi Bon layer has some kind of defect distribution along the

application of our microscope for the visualization oftransitiogurface directions of the SOQ substrate. Animation of the
phenomena of photoexcited free carriers in a silicon substrq ages in Fig. 13 can be seen on our Webéite

i.e., time-resolved imaging of photoexcited free carriers.
high-speed homodyne detection system with a response time
of 0.4 ns was constructed. The experimental setup is shown in
Fig. 12. The object was a silicon on quartz (SOQ) substrate. Fig. 5(b) shows that the signal intensity is not proportional
The thicknesses of the silicon and quartz layers wergufn2 to the size of the object under observation. This means that the
and 1.2 mm, respectively. Optical pulses fron@Qaswitched slit probe has a sensitivity distribution. This sensitivity distribu-
Nd : YAG laser passing through the quartz layer generated frié@n is due to the fact that the illuminating fiekd,;,,,, and the
carriers in the silicon layer. The Nd:YAG wavelength wasensitivity distribution of the probe in signal receptiB,ect

355 nm, the repetition rate was 10 Hz, the pulsewidth was 5 @se not uniform along the slit length. These two factors deter-
and the pulse energy was 30 mJ. The photoexcited area waéee the sensitivity distribution of the slit probe in reflection
0.5 mm in diameter. The density of free carriers generated wasde. We have done some experiments to measure the sensi-
estimated to be as high as10/cm? [22]. During the object tivity distribution, i.e., the product oF;,.,, and E.ojject, and

scans, the waveforms from the detection system monitored by
2[Online]. Available: http://www.mizuno.riec.tohoku.ac.jp/nfmw/nfmw_
1Provided by the Shin-Etsu Handotai Company, Ltd., Tokyo, Japan. anime.html
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found that the distribution can be approximated by the square ofe]
the E-field intensity distribution of the'E;, mode [23]. Com-

puter simulation results show that this kind of sensitivity distri- 7]
bution modifies and spoils the low-frequency components of the
true image if the FBP method is applied [24]. The FBP method (8]
is a transform-based one, assuming that the precondition previ-
ously mentioned holds true and, therefore, it is difficult to in- [9]
clude the sensitivity distribution in its reconstruction process.
To circumvent this problem, a conjugate gradient method [16]
might successfully be applied to the image reconstruction. Thgo]
method is a kind of algebraic reconstruction algorithm based on
the matrix representation between an image and measured d
and, thus, deals well with this kind of sensitivity distribution in
its calculation. We have some preliminary results on correctioft2]
of image distortion by the conjugate gradient method by taking
into account the sensitivity distribution [23]. [13]

VI. CONCLUSIONS [14]

A novel type of scanning near-field millimeter-wave mi-
croscopy using a metal slit at the end of a tapered rectangul 5
waveguide as a scanning probe and an image reconstruction
algorithm based on CT imaging has been proposed anid6]
demonstrated in this paper. The data-processing and the
signal-detection method needed for two-dimensional near-fielgi7)
image reconstruction have also been described and experimen-
tally verified. Experiments performed at 60 GHx £ 5 mm)
show that two-dimensional near-field intensity images carjg
be obtained with a resolution of 82m (~\/60), which is
equal to the width of the slit probe used. The slit probe has th&Y
advantages of high transmission efficiency and wide frequencyp1]
bandwidth. To demonstrate this, scanning slit microscopy has
been applied to visualize transition phenomena of photoexcited
free carriers in a silicon substrate. The images obtained in thgz
experiment have clearly visualized generation, extinction, and

diffusion processes of free carriers. 23]
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